The detection limit (about 0.017 mg mL À1 ) for voltammetric determination of iodide (peak at þ 0.87 V vs. Ag/AgCl at pH 2) at a glutaraldehyde-cross-linked poly-l-lysine modified glassy carbon electrode involving oxidation to iodine was found to be several orders of magnitude lower than that for the voltammetric determination on a bare glassy carbon electrode. This method was applied successfully to the determination of iodide in two medicinal formulations. Idoxuridine was determined indirectly at the same electrode by accumulating it first at À 0.8 V vs. Ag/AgCl. At this potential the CÀI bond in the adsorbed idoxuridine is reduced giving iodide, which is then determined at the modified electrode. The method was successfully applied to the determination of idoxuridine in a urine sample.
Introduction
Idoxuridine (IDU), 5-iodo-2'-deoxyuridine, was the first antiviral drug developed for the topical treatment of herpes simplex disease [1, 2] . It is a halogenated nucleoside, whose chemical structure (Fig. 1 ) has the capability of interfering in the genetic makeup of the herpes virus by the substitution of thymidine in this structure. This leads to the generation of modified DNA resulting in impotent viral replication [2, 3] . Several studies have suggested the extension of the use of IDU to the treatment of the cancer [4 -6] . However, the pharmacokinetics of IDU allows limited use in therapy owing to the rapid dehalogenation and further metabolism of IDU [6] . Among various strategies to improve its efficiency the preparation of macromolecular pro-drugs has been investigated, in which the IDU is covalently bonded to low molecular weight, water soluble, biodegradable polymers [7, 8] .
The official method for the assay of idoxuridine involves the classical non-aqueous titration with sodium methoxide solution in a suitable solvent as titrant [9] . A method involving a complex chromatographic extraction followed by UV spectrophotometric measurement is also described in the literature [10] . Several chromatographic methods for the bioanalysis of idoxuridine and other antiviral agents are also described [11] . Amankwa et al. [12] investigated the electrochemical reduction of idoxuridine and showed that the compound exhibited well-defined dc and differential pulse polarographic waves and peaks at around À 0.97 vs. SCE. The electroreduction mechanism on mercury was shown to involve a two-electron transfer and cleavage of the carbon-halogen bond. A differential pulse polarographic assay method was developed for the determination of idoxuridine in ophthalmic solutions after prior extraction, but the calibration graph was only indicated to be linear over the concentration range 1 Â 10 À4 mol L À1 to 5 Â 10 À4 mol L
À1
. The modification of glassy carbon, screen printed carbon, platinum and gold electrodes with films of poly-l-lysine (PLL) have been investigated by several authors [13 -19] . PLL is a synthetic polyamino acid with NH 2 groups in the side chain, which are protonated up to pH 10.5. It can be used to prepare electrodes modified with thin films of PLL, which have ion-exchange properties, and this has provided a new approach in electroanalytical chemistry. The most important properties observed are those of facilitating electron transfer, decreasing overpotentials significantly, and pre-concentrating anionic compounds. Recently the present authors have shown that the light crosslinking of PLL by means of glutaraldehyde (97.5% PLL/2.5% (m/v) produces stronger adhesion to the electrode surface, without affecting significantly the high anion exchange capacity of the PLL [20] .
Because of the known anion exchange properties of PLL films, their ability to accumulate iodide was tested and confirmed in the present study. Iodine is an essential trace element for the well being of the human organism because iodine-containing hormones, which play a very important role in mental development, growth and basic metabolism, are produced in the thyroid gland. Because of this biological role of iodine a number of analytical methods are employed and have been suggested for the routine determination of iodide in pharmaceutical products [21 -25] . Many of these are electrochemical methods, which are usually based on the oxidation of iodide to molecular iodine, but sometimes involve further oxidation to IO À or IO À 3 at more positive potentials. These methods include stripping voltammetry with potentiostatic or open circuit accumulation [26 -28] , the use of chemically modified electrodes with the formation of ion pairs [29, 30] , the use of complexing ligands [31] and of ion exchangers [32, 33] .
In the present work the feasibility of determining both iodide and IDU at PLL/glut modified glassy carbon electrodes was investigated.
Experimental

Apparatus and Reagents
An EG&G (PARC) 362 potentiostat controlled by a compatible microcomputer with AVOLM software was used for carrying out the cyclic voltammetric experiments. A three electrode system consisting of an EG&G (PARC) Ag/ AgCl (3 mol L
À1
) reference electrode, a platinum wire auxiliary electrode and a glassy carbon electrode as working electrode were used. Unless specified otherwise, all potentials reported here are referred to this Ag/AgCl electrode. The pH measurements were carried out using a Micronal pH meter B222 model with a Micronal combined pH/reference electrode.
Suprapur grade reagents supplied by Merck and demineralized water from a Milli-Q system (Milli-pore) were used in the preparation of all solutions. The studies were carried out in Britton-Robinson buffer (0.4 mol L À1 in each of acetic, phosphoric, and boric acids) adjusted to the required pH using 0.2 mol L À1 sodium hydroxide solution. A stock solution of idoxuridine 1 Â 10 À2 mol L À1 (Allergan-Frumtost laboratory) was obtained by direct dissolution of the salt in deionized water (Milli-Q). Poly-l-lysine (MM ¼ 77 300) hydrobromide and glutaraldehyde 25% solution in water were obtained from Sigma.
Working Electrode Preparation
The glassy carbon electrode (3 mm diameter) was polished with alumina (0.3 mm, Buehler), and then washed and dried at room temperature. Solutions of the product of the reaction between PLL and glutaraldehyde were prepared using different ratios of the two constituents: PLL (1% w/v) and glutaraldehyde (0.05% w/v) solutions were used. The reaction appeared to be complete in 10 min. At this stage a 10 mL aliquot of the aqueous solution was placed on the polished electrode surface: the tip of the pipette was used to spread the solution evenly over the whole surface. The inverted electrode was then placed in a drying oven at 80 8C for 2 min. After this drying procedure the electrode was rinsed thoroughly with water and was then immersed in a solution of B-R buffer pH 5.6.
General Procedure
The performance of the modified electrode was tested by two procedures. In the first approach, the voltammograms were recorded after the modified electrode had been immersed in a solution containing idoxuridine and after sufficient time had elapsed (120 s) to accumulate the drug at a controlled potential, and for iodide to be formed. In the second approach, after the iodide had been produced as above, the electrode was transferred to a new buffer solution (previously purged with nitrogen), which did not contain the analyte.
Analyze of dosage forms of iodide in pharmaceutical preparations were carried out using commercial syrups named KI (Teuto Laboratory) and Expec (Legrand Laboratory). An aliquot of these formulations, were diluted with deionized water and transferred directly into the voltammetric cell containing 20 mL of B-R buffer pH 2.0. Iodide quantification was done using standard addition method.
Results and Discussion
Oxidation of Iodide on PLL/GA Modified Electrodes
Typical cyclic voltammograms obtained for the oxidation of 95.6 mg mL À1 iodide in B-R buffer pH 2, on bare and modified electrodes were obtained after 10 s of pre-equilibration and maintained constant during all the experiments and they are shown in Figure 2 . Under acidic conditions (pH 2), (Fig. 2 , curve a), one anodic peak (I a ) at þ 0.778 V is seen with the corresponding cathodic peak at þ 0.721 V: these peaks correspond to the transformation of iodide to iodine and vice versa in two electron processes. Previous work has shown that the redox process of I À /I 2 becomes increasingly irreversible as the solution pH is increased [34] . In the present study cyclic voltammograms of KI at pH 12 showed a well defined oxidation peak at þ 0.868 V, but only a small peak is seen in the reverse scan. This is separated by 280 mV from the oxidation peak and values of i pa/pc ¼ 0.34 were found. Linear sweep voltammetry of KI in B-R buffer pH 2 at the glassy carbon electrode showed the oxidation current was linearly dependent on its concentration from 5 to 100 mg mL
À1
, following the equation
), r ¼ 0.995 (n ¼ 9). The detection limit was calculated to be 1 mg mL
. Figure 2 , Curve b, is a cyclic voltammogram obtained for 95.6 mg mL À1 solution of iodide at pH 2 on the glassy carbon electrode modified with a PLL: GA film. Iodide gives an anodic peak at about þ 0.881 V, for which the height is at least 10 times that obtained at a bare glassy carbon electrode. A relatively small peak was observed in the negative potential sweep direction, indicating the irreversible behavior of iodide oxidation on the PLL film. The effect of pH on the iodide oxidation peak was investigated from pH 2 to 12. The peak potential is almost constant at 2 < pH < 8 but is shifted to more positive potentials with further increase in pH. In addition, the peak current (i p ) is strongly dependant on pH. The currents in acid solution are higher than those obtained in neutral or slightly alkaline solution. In the latter solutions (pH ! 8) the peak is extremely small with peak heights similar to those found using the bare electrode. Iodide is clearly attracted to the cationic PLL, and as the highest currents were obtained at pH 2, this pH was used in the following study.
The voltammograms shown in Figure 3 compare the anodic response of the glassy carbon electrode modified by PLL/glut loaded with iodide by (open circuit) immersion in 16.6 mg mL À1 KI in B-R buffer pH 2 for 120 s and by repetitive cycling from 0 to þ 1.0 V (10 cycles). The first linear voltammogram recorded when this coated electrode was transferred to the supporting electrolyte solution (B-R buffer pH 2.0) after washing it with deionized water was similar to that obtained in the original solution, as shown in Curve 1 of the inset of Figure 3 . On carrying out successive cycling of the electrode potential applied to the electrode, however, the peak current decreased until it was only a fifth the height of the first scan (Curves 2 to 7 of inset of Fig. 3 ). This was shown later to be owing to the loss of the oxidation product (iodine) from the film rather than poisoning of the film. On the other hand, successive cyclic voltammograms obtained for iodide oxidation directly on the PLL glassy carbon modified electrode immersed continuously in 16.6 mg mL À1 solution of KI in B-R pH 2, retained the full current value (Fig. 3B ). This behavior indicates that the film was recuperated after cycling in solution containing KI and can be used to accumulate iodide without any contamina- tion by the product generated. All further measurements were carried out using the modified electrode directly immersed in the sample containing the analyte.
Crosslinking the PLL involves reaction of some of the amino groups on the PLL with the aldehyde group of the glutaraldehyde to form Schiff Base, and this reduces the number of amino sites available in the film of PLL to bind iodide. The effect of the PLL concentration in the coating solution on the electrode response was investigated, coating the carbon disk with aliquots of 10 mL of mixture of PLL (Molecular mass 77 300): GA giving the ratios: 50%: 50%; 75%: 25%; 95%: 5% and 97.5%: 2.5% (PLL%:GA% m/m). The film was treated as described in the experimental section and the cyclic voltammograms were recorded at the modified electrode in a 16.6 mg mL À1 iodide solution in B-R buffer pH 2. The oxidation peak currents obtained with these four electrodes were 2.90; 3.45; 4.54 and 8.18 mA respectively. This behavior clearly indicates that the lower the extent of crosslinking the greater the binding of iodide and the greater the signal size. The 97.5%: 2.5% PLL: GA coating was selected for use in subsequent experiments. This coating gives acceptable anion exchange properties whilst giving the required improvement of adhesion to the glassy carbon electrode surface. This confirms the findings of our previous study with another analyte [20] .
The scan rate dependence of the anodic peak current of the cyclic voltammograms was investigated between 0.01 and 0.2 V s À1 using a PLL/GA coated electrode immersed in B-R buffer 2.0 in a solution of 16.6 mg mL À1 KI. The anodic peak current increased linearly with the square root of the scan rate for the bare electrode, but at modified electrode with PLL/GA there is a linear relationship from i p vs. v following the equation:
This demonstrates that the iodide is oxidized adsorbed on the sites of the modified electrode.
Considerable affinity of protonated amino group on the PLL films for ion-pairing in the presence of iodide can be explained with some aspects discussed in the literature [28, 30, 31, 35, 36] . The iodide oxidation to iodine on carbon paste electrode modified with protonated organic molecules such as lipophilic agent can involves a synergistic effect of ion-pair formation. The entrapped iodide ions may undergo successive reactions. The iodine can also be accumulated directly via formation of I À 3 , which are again immobilized at the electrode surface according to the ion-pairing principles. Analogous reaction can leads to I À 5 complex ions. From the results on the pH dependence of the peak height, the proton plays an important role to the reaction between the modifier (PLL) and the iodide ions. PLL contains amino group at all pH < 10. As a result, the marked effect on peak current at acidic conditions can be attributed to the iodide accumulation on the film, which signal is amplified due simultaneous oxidation of ion pairs formed with iodine.
Determination of Iodide at the PLL Electrode
The dependence of the PLL/GA coated glassy carbon electrode response on iodide concentration was investigated from 0.83 to 150 mg mL (Fig. 4B) , following the equation
The reproducibility of the electrode response was evaluated with a series of 30 repetitive measurements carried out as linear scan voltammograms (at 100 mV s
À1
) recorded for the PLL/GA-coated electrode in a 120 mg mL À1 KI in B-R buffer pH 2.0, using water to wash the electrode surface between each scan. A mean peak current value of 117 AE 3.2 mA and relative standard deviation of 2.70% were obtained. The detection limit (3 s/slope) was calculated to be 0.010 mg mL
. Thus the oxidation of iodide on PLL films can readily be applied to the determination of iodide at concentrations 100 times less than using a glassy carbon electrode without modification.
The possible interference from various anions and cations were examined. Fluoride, chloride, bromide, perchlorate, sulfate, acetate, Cu(II), Pb(II), Cd (II), Zn(II) ions present in the analyte solution did not interfere with the determination of iodide at a glassy carbon electrode modified with PLL/GA films. Iodate and periodate clearly interfere as they oxidize the iodide.
Analytical Applications
The method described was applied to the determination of iodide in two pharmaceutical preparations: These commercial products are named KI (Teuto Laboratory) and Expec (Legrand Laboratory). An aliquot of the test solution prepared as described in the experimental section was diluted to 20 mL with B-R buffer solution (pH 2.0), and the modified electrode was immersed in it. The corresponding voltammetric curves obtained for Expec before and after standard addition of iodide are shown in Figure 5 . Table 1 shows the mean values of the iodide content claimed to be present by the manufacturers, together with those obtained using the proposed method. The concentration of iodide is in accordance with the values given by the manufacturers of the commercial pharmaceutical products.
For comparison, results were obtained also by using a spectrophotometric method [37] : these results are also shown in Table 1 . The results obtained show good agreement between the two methods. At a confidence level of 95% values of 100.6 AE 0.24 % and 98.0 AE 0.30% were obtained for iodide in the commercial samples, respectively.
Electrochemical Behavior of Idoxuridine on a Glassy
Carbon Electrode Modified with PLL/GA Idoxuridine (IDU) is reduced at a glassy carbon electrode at a potential of around À 0.90 V giving an irreversible peak corresponding to the cleavage of the carbon-iodine bond [12] , as had been proved previously for reduction at a mercury electrode. The peak current is at a maximum value at pH 5 and decreases rapidly up to pH 7.0, at which pH the peak disappears. No oxidation peaks were observed for IDU within the pH range 2 -12 at a bare glassy carbon electrode.
The reduction of IDU (350 mg mL
À1
) on the PLL/GA modified glassy carbon electrode exhibited only a small peak at À 0.9 V (peak I c ), as shown Figure 6 . This peak decreases further in intensity during subsequent successive scans. Cyclic voltammograms obtained from 0 to þ 1.8 V using the same experimental conditions to did not shown any oxidation signal for IDU. Nevertheless, when the sweep was reversed from À 1.0 V where IDU is previously reduced, the cyclic voltammograms exhibited a well-defined anodic peak at þ 0.87 V (peak I a ) on the reverse scan. This increases in height during further cycles (Fig. 6) , indicating that the product generated in the previous reduction is pre-concentrated on the electrode surface.
The liberation of halogen from IDU (and other halogenated pyrimidines) is produced by electrochemical reduction [38, 39] , photolysis [40] , thermal analysis [41] , enzymatic action [42] and hydrolysis [43 -45] . Thus, the peak at positive potentials observed here can safely be attributed to iodide.
In order to confirm this point, we performed a controlled potential electrolysis for 120 s at À 0.8 V on a small volume of 350 mg mL À1 solution of IDU in B-R buffer pH 2.0. Afterwards, cyclic voltammograms were recorded from 0 V to þ 1.50 V and these showed the well defined peak (I a ) due to the oxidation of the product generated from reduced IDU at both a bare glassy carbon electrode (Fig. 7A) as a modified electrode with PLL/GA (Fig. 7B ). The production of the peak at þ 0.83 V (Fig. 7A ) generated after previous electrolysis of IDU on glassy carbon electrode (Curve 1) agrees excellently with the voltammograms obtained for oxidation of iodide added directly into the cell, which is also shown in Fig. 7A (Curve 2 and 3) . Further, the subsequent standard addition of iodide to the electroreduced IDU solution causes successive increases in the peak height proving that free iodide is generated by reduction of idoxuridine. Cyclic voltammograms obtained using the same experimental conditions but using the PLL/GA modified electrode show an even larger peak at þ 0.82 V (Fig. 7B) , and this too increases with standard addition of iodide, as shown Figure 7B , Curve 2 and 3.
In order to optimize the conditions for the determination of IDU, via iodide produced during previous reduction of IDU, a systematic study of various experimental parameters including pH, scan rate, deposition potential, deposition time and film composition was investigated.
The effect of deposition potential (E dep ) and deposition time (t dep ) on the voltammograms obtained after electrolysis of IDU (35 mg mL for our present purpose, but longer deposition times could be used to determine lower concentrations of IDU. The peak current obtained for the oxidation of iodide obtained using 175 mg mL À1 IDU in B-R buffer pH 2.0, accumulated at À 0.80 V for 120 s, increased linearly with scan rate from 10 to 200 mV s
, which is to be expected for an adsorption controlled process.
The influence of pH on the IDU determination was investigated from 2.0 pH 12. The peak is at a maximum at pH 2.0, indicating preferential adsorption of the IDU in this solution condition (Fig. 9, Curve 1 ). The peak current decreased markedly at higher pH values as shown in Figure 9 (Curve 2) and it is completely suppressed at pH > 7. This result indicates that IDU (pK a ¼ 8.25) is probably not being reducing at pH > 7, as was shown previously on a mercury electrode [12] .So, pH 2.0 was chosen as the optimum pH condition at which to determine IDU.
Using the best experimental conditions (optimized above) an analytical calibration graph was obtained for the IDU determination via iodide oxidation peak obtained from voltammograms recorded after pre-reduction of IDU from 1 mg mL À1 to 245 mg mL À1 at À 0.80 V for 120 s. The graph is linear and follows the equation:
The reproducibility of the method was determined by making successive measurements on five solutions of 175 mg mL À1 at pH 2.0. A relative standard deviation of 4.2% was obtained for n ¼ 20. A determination limit of 0.35 mol L À1 was calculated using the signal/noise ratio. The same procedure was adopted to construct an analytical curve for IDU using the oxidation of liberated iodide but on a bare glassy carbon electrode. A linear relationship was obtained for IDU concentration from 105 to 350 mg mL
, following the
. The results show that the method using the modified electrode increases markedly the sensitivity relative to that obtained at the bare glassy carbon electrode. The use of the mercury electrode is also less sensitive [12] owing to complications arising from the strong adsorption on mercury.
Analytical Application
As a simple test of the general procedure, and in particular to illustrate that it is unnecessary to wash the electrode between determinations, the determination of IDU in a human urine sample was carried out using a PLL/GA modified glassy carbon electrode using a standard additions method. The procedure used was as follows: 1.00 mL of the urine sample (spiked to be 21 mg mL À1 in IDU) was diluted to 10.00 mL with B-R buffer pH 2.0. The PLL coated electrode was immersed in this solution and cyclic voltammograms were recorded after a pre-electrolysis of IDU at À 0.800 V for 120 s. The voltammetric peak was recorded and the procedure was repeated three times after additions of iodide. The increase in peak height increased linearly with the concentration of iodide in the urine. The amount of IDU calculated to be in the urine sample indicated a mean recovery of 99.5 AE 0.4 % with a correlation coefficient of 4% (n ¼ 5). The same methodology was tested for the determination of IDU in the urine sample but using a bare glassy carbon electrode. In this case no signal for the oxidation of iodide was obtained. This result indicates that the PLL/GA coating successfully protects the glassy carbon surface from poisoning by macromolecules in the urine.
Conclusion
The electrochemical behavior of iodide on a PLL/GA modified glassy electrode shows that such electrodes can be used successful to pre-concentrate iodide. The electrode modification improves the sensitivity and selectivity for iodide determination. An extension of this method has been developed here in which idoxuridine is pre-concentrated by cathodic accumulation as iodide before being determined indirectly as iodide. Other compounds containing C À I bonds that can be cleaved by electrochemical reduction should be capable of being determined similarly. The methods for determining iodide and idoxuridine could be used in conjunction to determine them in admixture. The ease and rapidity of electrode preparation gives the methods an interesting advantage over more sophisticated techniques used for these determinations
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